Quaternary Heusler alloy Ni 50 Mn 8 Fe 17 Ga 25 ribbons have been prepared by the melt-spun method. The ribbons exhibit large negative magnetoresistance ͑MR͕͒=͓R͑H͒ − R͑0͔͒ / R͑0͖͒ over a wide temperature region, particularly in the region during the martensitic phase transformation. The MR decreases significantly after annealing. The large MR is isotropic and is mainly attributed to the local magnetic disorders, magnetic clusters, and heterogeneity. The maximum MR at martensitic transformation may be due to the redistribution of electrons and the increase of phase boundary scattering. This feature adds a useful functionality to the already interesting Heusler alloys.
Multilayers, 3 granular materials, 4,5 colossal magnetoresistance ͑MR͒ manganites, 6 and magnetic tunnel junctions 7 are the most studied materials. While the mechanisms for GMR behaviors in different systems may vary, it is commonly believed that half-metals with 100% spin polarizations are ideal candidates for higher GMR or spin injector. Band structure calculations have predicted that some of the ferromagnetic Heusler alloys, such as Co 2 MnSi and NiMnSb, are possible half-metals. 8, 9 In addition, some ferromagnetic Heusler alloys tend to have very large shaped memory effects, which can further be controlled with an external magnetic field. 10 Therefore, these multifunctional materials can have many applications which cannot be achieved in other materials. These properties motivate us to investigate the magnetic and transport properties of the half-or near-half-metallic Heusler alloys. Various groups have prepared and studied the magnetotransport properties in Heusler alloys, such as Ni 2 MnGa, Ni 2 MnAl, Ni 2 MnGe, Co 2 MnGe, and Co 2 MnGa. [11] [12] [13] It has been suggested that Heusler alloys are strongly disordered systems. 11 In this letter, we report the observation of GMR over a wide temperature range in melt-spun Ni 50 Mn 8 Fe 17 Ga 25 Heusler alloy ribbons. The maximum GMR, up to −9%, in a magnetic field of 50 kOe has been obtained at 136 K during the martensitic transformation. The mechanism is associated with the spin dependent scattering of conduction electrons by disordered magnetic clusters and inhomogeneity. The maximum GMR during the martensitic transformation may due to the redistribution of electrons and the increase of phase boundary scattering.
We prepared the precursor ingot by first melting pure metals, in proportion, in an induction furnace under an argon atmosphere. Subsequently, the ingot was melt spun onto a copper wheel with a linear velocity of about 18 m / s. Silver paste was used to make contacts in standard four-probe fashion. In this work, the current is always along the longitudinal direction of the ribbons, but the magnetic field of −50ഛ H ഛ 50 kOe may be applied in different directions. A superconducting quantum interference device magnetometer ͑Quan-tum Design MPMS-5S͒ is adopted for magnetic and MR measurements in the temperature range from 5 to 300 K. Figure 1 shows the MR measured at 5 K with a magnetic field applied in longitudinal, transverse, and perpendicular directions. The magnetic fields in longitudinal and transverse directions are in the ribbon plane, but parallel and perpendicular to the current direction, respectively. In the case of the perpendicular direction, the magnetic field is perpendicular to both the ribbon plane and the current. The values of MR are always negative, regardless of the relative orientation between the magnetic field and the current. almost the same, about −10% at 9 T, with no observed saturation. Neglecting the demagnetization effect from the shape anisotropy of ribbon samples, the MR behaviors are isotropic. This phenomenon is very similar to GMR results from spin disorder scattering, which are typically observed in layered and granular systems. 1, 4, 14 Clearly, a spin disorder scattering exists in our system. Figure 2 shows longitudinal MR behaviors and corresponding hysteresis loop of Ni 50 Mn 8 Fe 17 Ga 25 ribbons at low-field region. Besides the initial curve, one-to-one correspondence can be clearly seen between these two curves, suggesting again that the MR arises from spin disorder scattering. Figure 3 shows the MR measured in the longitudinal direction at temperatures between 5 K and 300 K during the heating. While the MR remains negative at all temperatures, it reaches a maximum value at 136 K, which is shown in inset ͑a͒ of Fig. 3 . Inset ͑b͒ of Fig. 3 shows the resistance as a function of temperature of the ribbons, indicating a structural transformation beginning around 130 K and completing at about 140 K. Both the parent phase ͑above 140 K͒ and the martensite phase ͑below 130 K͒ show metallic behaviors, but an insulating phenomenon was observed during the transition. One may also note that, by comparing the MR at different temperatures with the R-T curve, the largest negative MR, up to −9%, is achieved in the middle of transition ͑136 K͒, where the martensite and austenite phases coexist.
In this case, the GMR increases rapidly to about −3% in a modest field of 1.5 kOe ͑Fig. 1͒ and gradually becomes linear with the field between 10 kOe and 50 kOe.
As a Heusler alloy, the Mn and Fe atoms in our Ni 50 Mn 8 Fe 17 Ga 25 samples prefer to sit on the 4b sites ͑Wyckoff notation͒ of the cubic cell of the Fm3m structure. However, a random distribution can easily occur, especially when the sample was prepared with a nonequilibrium solidifying method, such as melt spinning in this case. There may be two types of disordered states in our samples, the antisite atoms and magnetic clusters. 15 Particularly, if antiferromagnetic Mn-rich clusters are formed and surrounded by the ferromagnetic matrix, these clusters will act as scattering centers to give rise to the GMR, as observed in the case of CuMnAl. 15, 16 The unsaturated MR is possibly due to that the magnetic field is not large enough to accomplish ferromagnetic alignment of the spins in Mn clusters.
After the as-spun ribbon samples were annealed at 600°C for 1 h, the MR at 136 K was greatly decreased from −9% to −1.5%, which is shown in Fig. 4͑a͒ . The MR for the annealed ribbons is still negative, but it loses the low-field feature and becomes linear with field. Figure 4͑b͒ shows the hysteresis loops of as-spun and annealed sample. There is a clear increase in magnetization and a rather large decrease in coercivity in annealed samples, suggesting that spin disorder has been significantly reduced.
Usually, a sample must be annealed at a high temperature, about 800°C, for a few days to establish the chemical ordering in Heusler alloys. 17 Therefore, the annealing condition discussed above is not enough to improve atomic antisite. This is why only a little improvement in saturation magnetization has been observed. The dominant effect of annealing is to destroy the clusters, because the clusters exist at a more unstable state than the antisite. Considering the dramatic changes of the MR and coercive force in the annealed samples, it can be concluded that the large MR and correspondingly large Hc in the as-spun samples are mainly due to the clusters.
The most attractive aspect regarding Fig. 3 is that the largest MR is obtained across the martensitic transformation. During the structure transition, the degenerate energy splits because of the Jahn-Teller effect, enabling the electrons to redistribute themselves. 18 Between the original parent phase and the destination martensite phase, sample passes through many intermediate substructures. Thus, we may speculate that in some intermediate state upon martensitic transformation, the redistribution of the electron is favorable for the scattering, leading to the maximumized MR during the transition process. It should be pointed out that the contribution of the interfacial scattering at the parent-martensite boundaries should not be neglected. Similar behavior has been observed in Fe 3 O 4 upon the first-order Verwey transition. 19 However, the maximum MR achieved across martensitic transformation does not seem to be a common phenomenon in other structural transition materials, such as CuMnAl ͑Ref. 16͒ and Ni 2 FeGa ͑Ref. 20͒ alloys.
In summary, a large negative MR was observed in the Ni 50 Mn 8 Fe 17 Ga 25 ribbon. Our studies indicate that this GMR effect is not from the uniform atomic antisite, but is due to the spin dependent scattering at disordered magnetic clusters. The largest MR, up to −9% at 50 kOe field, was found to appear during the martensite transformation where the martensite and austenite coexist, leading to the redistribution of the electron and the interfacial scattering. The MR and magnetic curves suggest that there is a strong correlation between the magnetization process and the MR in the low field, similar to results in magnetic granular systems. 
